The microbial process of nitrification, which includes the oxidation of ammonia to nitrite, can be carried out by both heterotrophic and autotrophic microorganisms. Autotrophic ammonia oxidizers, such as the bacterium Nitrosomonas europaea, are believed to be primarily responsible for initiating nitrification in crop lands (13) .
In N. europaea, ammonia monooxygenase (AMO) and hydroxylamine oxidoreductase (HAO) are directly involved in the oxidation of ammonia (NH3) to nitrite (NO2 -) (30) . AMO catalyzes the oxidation of NH3 to hydroxylamine (NH2OH), and HAO catalyzes the oxidation of NH20H to NO2-. Both enzymes are fundamental to the use of NH3 as an energy source by N. europaea. A portion of the electrons released upon the oxidation of NH20H are partitioned to AMO, while the remainder are transferred through the electron transport chain to the terminal oxidase. It is thought that the electrons pass from HAO to the unique cytochrome c-554 (Cyt c-554) (2, 31) . Sustained AMO activity in vivo is completely dependent on HAO because NH20H, the product of AMO, must be oxidized to provide electrons to AMO. Hydroxylamine oxidoreductase is an unusual enzyme containing multiple c-type hemes. The enzyme is generally regarded as a soluble protein located in the periplasmic space, although some degree of membrane association for this protein can be expected in vivo (19) . Because of the complexity of HAO, determination of the molecular weight and structure of this enzyme has proven difficult. Depending on the method of determination, estimates of the native molecular weight vary from 150,000 to 200,000 (3, 22, 28, 32) . Both two and one subunits have also been proposed (63 and 11 kDa) (12, 18) .
The hypothesized structure of HAO has been refined from one containing two subunits in an aj343 hexamer arrangement (28) to one with one unit in an a2 or a3 oligomer (3) . Each of the monomeric units of HAO has a molecular mass of 63 kDa and carries seven c-type hemes and one P-460 chromophore (3) .
The putative heme-containing peptides of HAO have been identified, and their amino acid sequences have been determined (3) . These sequences appeared to contain typical hemebinding (-C-X2-C-H-) motifs (3) . While knowledge of the biochemistry of HAO has continued to increase, the genetic information has remained limited. The genome of N. europaea apparently contains three copies of the genes for HAO and Cyt c-554 (15) .
Because of the complexity and the essential role of HAO in nitrification by N. europaea, we engaged in the determination of the molecular structure of the operon encoding this protein.
In this study, we analyzed the structure of the gene for HAO, which we designate hao, determined the nucleotide sequence of hao, and demonstrated that the clone containing hao also contains the gene for Cyt c-554. We also compared their deduced amino acid sequences with those of other proteins in data banks. The transcript for HAO was also analyzed.
MATERIALS AND METHODS
Bacterial strains and materials. N. europaea (ATCC 19178) was grown as previously described in 4-liter batches (6) . Escherichia coli LE392 (Promega, Madison, Wis.), INVaF' (Invitrogen, San Diego, Calif.) and DH5a (GIBCO BRL, Gaithersburg, Md.) were grown as described previously (23) . DNA restriction and modifying enzymes were from United States Biochemical (Cleveland, Ohio) and Promega. Taq DNA polymerase was from Perkin-Elmer Cetus (Norwalk, Conn.). Radioisotopes were from DuPont NEN Products (Wilmington, Del.).
increased to 80% over a period of 120 min. Fractions with pure HAO and Cyt c-554 (as identified by sodium dodecyl sulfatepolyacrylamide gel electrophoresis [8] ) were dried in a vacuum concentrator (Savant Instruments, Farmingdale, N.Y.) for amino acid analysis. The proteins were hydrolyzed individually with tolylsulfonyl phenylalanyl chloromethyl ketone-treated trypsin (0.2% by weight of the protein) as described previously (27) . The resulting hydrolyzed samples were fractionated by HPLC using the gradient described above. The samples were concentrated in a vacuum concentrator and analyzed directly for amino acid sequence in a gas-phase protein sequencer (Applied Biosystems, Foster City, Calif.) by using Edman degradation chemistry (5) . These amino acid sequences were used to design degenerate oligonucleotides 18 Transcript size determinations and gene induction experiments were carried out with Northern blots. The start of transcription was determined by primer extension as described previously (23) . For these assays, 3-day-old cultures of N. europaea were harvested and starved for NH3 for 30 h at 4°C. This method depleted overall levels of RNA. The cells were then washed and incubated at 30°C in fresh media in a 1Ox-concentrated culture. After 5 h of incubation the cells were concentrated by centrifugation and total RNA was isolated in a CsCl step gradient as described elsewhere (21) .
Computer software. Sequence editing, translations, and data bank searches were performed with the InteliGenetics (release 5.4) and Genetics Computer Group (version 7) program packages. Homology comparisons were performed using the Swiss-Prot, EMBL, and GenBank data bases. Hydropathy calculations from the deduced amino acid sequence were as described elsewhere (14) .
Nucleotide sequence accession number. The sequence for hao has been deposited in the GenBank data base under accession number U04053.
RESULTS
Protein purification, hydrolysis, and probe design. Following proteolysis of the purified polypeptides of HAO and Cyt c-554, the N-terminal amino acid sequences of the peptides in the prominent fractions were determined. For HAO, the sequences of the peptide in HPLC fraction 60 (F60) and F84 were Asp-Lys-Trp-Asn-Trp-Glu-Val-Arg and Gly-ThrMet-Gly-Asp-Tyr-Trp-Glu-Pro-Ile-Ala-Ile-Ser-Ile-Tyr, respectively. Oligonucleotide primers in the antisense orientation were designed from these amino acid sequences (oligonucleotide deduced from F60 [OF60], ACYTCCCARTTCCAYT TRTC; OF84, GGYTCCCARTARTCNCCCAT). An oligonucleotide (ONsu, AAYCTNGARGAYTCNCT) based on the previously published putative N-terminal sequence for the small subunit of HAO (18) was also synthesized in the sense orientation. These oligonucleotides were then used as primers to amplify DNA. Two PCR-amplified DNA products, AOF60 and AOF84, with estimated sizes of 2,200 and 1,500 bp were obtained when the PCR was primed with only oligonucleotide OF60 or OF84, respectively. Identical products were obtained when the PCR was primed with either OF60 plus ONsu or OF84 plus ONsu. Furthermore, ONsu did not prime a PCR product by itself. These results indicated that one oligonucleotide (OF60 or OF84) was sufficient to prime both ends of the amplified product.
For Cyt c-554, two amino acid sequences were determined (N terminus, Ala-Asp-Ala-Pro-Phe-Glu-Gly-Arg-Lys; F10, Leu-Asp-Pro-Ala-Lys). From these sequences two degenerate oligonucleotides were synthesized (ON.54, GAYGCNCCN TTYGARGGNMG; OF10, YTTNACNGGRTCNAG) and used as primers to produce AONF10 by PCR. The size of the Cyt c-554 PCR product AONF10 was estimated to be 200 bp. The PCR amplification products AOF60, AOF84, and AONF10 were produced consistently and were used in DNA hybridizations.
Probe characterization and library screening. Probes AOF60 and AOF84 revealed similar patterns in Southern hybridizations of genomic DNA digested with SmaI or PstI (Fig. lb) . This result demonstrated that these two hao PCR products were generated from the same genetic locus. Since these PCR probes were produced reliably and were generated from the same DNA region, they were used for library screening and further Southern hybridizations. Library screening for hao was performed with AOF84 on about 10,000 plaques; of 10 positive clones, 1 (XHAO-1 with a 12-kb insert) was isolated for further characterization (Fig. la) Fig. 2 and data not shown) . The genes for HAO and Cyt c-554 were located in adjacent 4.0-kb EcoRI and 2.5-kb EcoRI-SacI DNA fragments and sequenced (Fig. 2a) . The presence of the sequences in XHAO-1 corresponding to OF60, OF84, and the N terminus of the reported 63-kDa protein of HAO (3, 18) was confirmed. A cloned PCR product obtained by using OF84 identified the sequence TGTCACCCAT in the sense direction (matching the 3' end of the oligonucleotide OF84). The EcoRI and EcoRI-SacI DNA fragments described above were cloned in pBluescript SK+ to form pNH30 and pNH20, respectively. A BamHI fragment (pNH30) and a PCR clone (pNH100) were also used to produce the sequence of hao (Fig. la) .
In total, about 3,000 bp in the proximity of the open reading frame (ORF) for HAO were sequenced in at least one direction. This region was searched for the sequence encoding the N terminus of the putative small subunit of HAO (18) . No amino acid sequences matching more than four of the eight amino acids were found. An ORF (ORF A) possibly encoding a 15.4-kDa protein was discovered about 1,100 bp upstream of the 5' end of hao. This sequence contained a possible start codon with an adjacent Shine-Dalgarno sequence (GAGG). However, the deduced sequence did not include the reported N terminus of the small subunit (18) . Sequencing did not reveal any ORFs besides ORF A, hao, and the Cyt c-554 gene; however, the presence of additional ORFs in this region cannot be ruled out completely.
The position of the ORF coding for Cyt c-554 was determined by direct sequencing of pNH20 using the T3 primer site in the vector. Nucleotide sequences coding for amino acids matching the N terminus and F10 of Cyt c-554 were localized and were 125 nucleotides apart. The sequences for these peptides were 1,200 bp from the 3' end of hao. These results agree with previous observations and the suggestion that the gene for Cyt c-554 was located approximately 2,700 bp from hao (15) . The XHAO-1 clone unfortunately contained only part of the ORF for Cyt c-554.
The 2.0-kb BamHI DNA fragment from pNH10, which contained part of hao (Fig. lc) , was used in Southern hybridizations to estimate the copy number of hao. Genomic DNA digested with BamHI, EcoRI, KpnI, Sall, SmaI, and XhoI (data not shown) showed hybridization patterns similar to those previously reported (11, 15) . These hybridizations confirmed the presence of three copies of hao in N. europaea and eliminated the ambiguity resulting from the use of degenerate oligonucleotides. In a similar experiment we confirmed three copies for the gene for Cyt c-554 as well.
Characterization of the nucleotide sequence of HAO. When pNH10 and pNH20 were sequenced (Fig. 2) , an ORF encoding the N terminus of HAO (3, 18) , the amino acid sequences of F60 and F84 of HAO and the eight amino acid sequences of putative heme-binding motifs of HAO (3) The ORF for HAO contained two putative start codons 18 and 24 amino acids upstream from the experimentally determined N-terminal codon. The ORF contains 1,692 or 1,710 nucleotides capable of encoding a 63.51-kDa or 64.28-kDa protein, which is 0.51 or 1.28 kDa larger than the experimentally determined molecular mass of 63 kDa for the a subunit of HAO (3, 28) . This finding suggests that a leader sequence of 18 or 24 amino acids may be removed in the maturation of HAO. The deduced molecular mass for the processed protein of HAO is 61.6 kDa, which is in close agreement with the experimentally determined molecular mass. Two Shine-Dalgarno-like ribosome binding site sequences (GGAGG and GGAG) were present 6 and 3 bases upstream from the putative start codons. No other possible start codons were found in 100 nucleotides upstream. Two inverted GC-rich repeats were located 49 bp from the 3' end of hao, possibly forming a transcription termination signal (Fig. 2b) .
The isoelectric point deduced from the amino acid sequence for the monomeric protein was 6.4, differing from previously reported values of 4.7 (32) and 5.3 (12) for the oligomeric protein. The differences may reflect the presence of the heme moieties on the mature protein. HIydropathic calculations reveal only two significant hydrophobic domains in HAO. One is in the C-terminal domain, and the other is in the putative leader sequence. The hydropathy plot of the first 25 amino acids presents a slight hydrophilic region at the first 8 amino acids and then a highly hydrophobic region, features typical of leader sequences (17, 25) . A requirement for a leader sequence would also be consistent with the periplasmic location of this protein.
Determination of the transcript size and initiation site. Northern blots were used to determine the size of the transcript for HAO. The probes used were the BamHI fragment from pHN10 and the EcoRI-PstI fragment from pNH20 (Fig.  1) . These probes produced identical results. Readily detectable amounts of HAO mRNA were present when cells were kept in a concentrated suspension with no ammonia and then transferred to growth medium with ammonia before total RNA extraction. The blots revealed two bands for HAO, one of approximately 2,100 nucleotides and a smaller band (1,500 nucleotides) overlapping the 16S rRNA (Fig. 3) . The large band is consistent with the minimal transcript size of about 1,700 nucleotides required to code for the 64.28-kDa polypeptide of HAO. Neither the 417-bp ORF located 1,100 bp upstream of hao nor the gene for c-554 could be included in this transcript. The smaller hybridization band could not code for the 64.28-kDa polypeptide of HAO and most likely represents degradation products of the complete transcript which bind to the rRNA.
The transcription start site was determined by primer extension with a 20-mer oligonucleotide primer located five bases from the 5' end of hao (Fig. 4) . A single start was located at 75 bases prior to the start codon ( Fig. 2 and 4) . The -10 and -35 areas did not resemble other prokaryotic promoter sequences.
Sequence comparison. From searches in sequence data banks no sequences with more than 30% identity to the sequence of HAO were identified. The motifs -C-X2-C-Hlocated at the putative heme-binding motifs in HAO resemble those of cytochromes (1, 9, 26, 29) . Data bank comparisons with the preliminary sequence of c-554 revealed similarities to other c-type cytochromes (1, 9, 26, 29) . Similarities of Zn finger motifs to Cyt c-554 were also detected (4, 7, 20) .
DISCUSSION
We isolated a clone containing the gene for HAO by using peptide sequences to design PCR primers. The PCR products were used to probe the genomic library. The identity of hao cannot, as yet, be confirmed by its function or by mutagenesis because of the lack of transformation protocols for N. europaea. Nevertheless, nucleotide sequences corresponding to the amino acid sequences from HAO that were determined in two other independent laboratories (3, 11, 18) and to the amino acid sequences of HAO determined in our laboratory were all located in hao. These results indicate that the characterized clone, XHAO-1, indeed contained hao. Similarly, the amino acid sequences for the N terminus and an internal peptide confirmed the location of the gene coding for Cyt c-554. The amino acid sequences for Cyt c-554 were encoded at 1,200 bp from the 3' end of hao. The oligonucleotides used by McTavish et al. (15) were located 2,400 bp apart, in close agreement with the estimated distance.
HAO is a complex protein and has been described in multiple active forms. Arciero 71 kb) , the transcription start site (0.075 kb), and the putative transcription terminator (0.1 kb) are considered, 1.9 of the 2.1 kb is accounted for. Therefore, given the size of the transcript and our inability to detect any other ORFs in the proximity of HAO, it appears that hao is transcribed singly.
Given that HAO likely does not contain a small subunit (3), it is not surprising that a PCR primer deduced from a putative small-subunit sequence was not helpful in our attempts to isolate an HAO clone. Because we obtained the same PCR products with an without the primer derived from the small subunit, it is apparent that this oligonucleotide was not serving as a primer. Therefore, the priming was accomplished with single primers. Our results show that it is feasible to isolate a gene by using single primers for the production of probes using the PCR in combination with the characterization of the amplified products by Southern hybridization to demonstrate their origin. This is shown by the consistency of the products obtained by PCR using OF60 and OF84 individually and their patterns obtained in the Southern hybridizations (Fig. 1) . These resulted in the production of probes AOF60 and AOF84, probes that were used successfully in the screening and isolation of hao.
Eight heme-binding motifs (3) were localized in the protein coded by hao. They were distributed throughout the amino acid sequence. The proposed cross-linking of VIIa and VIIb (3) must occur through protein folding to bring the C-terminal domain into proximity with the domain which contains VIla. Five prolines concentrated in nine amino acids just prior to peptide VIIb (PNPPEPEKP [positions 435 to 443]) may assist in the required folding.
The structure of the HAO holoenzyme has been an unanswered question. Our study shows that hao is transcribed separately and not in conjunction with a second gene coding for a small subunit. Furthermore, the total amino acid composition of the protein deduced from hao is similar to that reported by Hooper et al. (12) . These results support the recent conclusion by Arciero and Hooper (3) that a fully active form of HAO contains only the 61.6-kDa subunit.
